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The interactions among the hyphomycete, Paecilo-
myces fumosoroseus, the Russian wheat aphid, Diura-

his noxia, and its common parasitoid, Aphelinus asy-
his, were investigated under laboratory conditions to
etermine if fungal infection of the aphid host had an
ffect on oviposition and feeding behavior of the fe-
ale parasitoid and on development of parasitoid

rogeny. Aphids were first treated with 2 times the
D95 of P. fumosoroseus for D. noxia third instars (5.2 3

104 conidia/cm2). At various intervals afterward they
ere exposed to 4- to 5-day-old mated parasitoid fe-
ales for 1 h. Various combinations of treatments
ere examined: exposure to P. fumosoroseus and par-
sitization simultaneously; exposure to parasitoids
4–96 h after treatment with fungus; exposure to the
arasitoid alone; and fungal treatment alone. The av-
rage number of aphids probed by the parasitoids was
ot significantly influenced by host infection with P.

umosoroseus, but duration of ovipositor insertion was
nfluenced by the length of the time interval between
xposure to P. fumosoroseus and subsequent exposure

to the parasitoid. Parasitoid females spent consider-
ably less time with their ovipositor inserted in dead
aphids and in aphids that had been exposed to P.
fumosoroseus 72 h prior to contact with the parasi-
toids. The number of dead aphids fed upon by parasi-
toids was significantly less than in the other treatment
groups. The percentage of successfully parasitized D.
noxia was significantly reduced as a function of the
time between treatment with P. fumosoroseus and
parasitoid oviposition. The effect of previous parasit-
ization on the ability of the fungus to infect aphids and
interfere with parasitoid development within host
aphids was also investigated. The number of mummies
produced by two female A. asychis during 24 h of ex-
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posure varied from 20.3 to 23.0 and was not signifi-
cantly different when the aphids were first exposed to
the parasitoids and then treated with P. fumosoroseus
24, 48, 72, and 96 h after exposure. No difference in
time between oviposition and emergence of the F1
generation of the parasitoid for groups treated with
the fungus and the untreated groups was noted, but
the percentage of emergence of the F1 generation of A.
asychis was significantly lower among the aphids ex-
posed to the parasitoid and treated with the fungus
24 h afterward than for the untreated aphids. Various
findings of this study demonstrate the potential of syn-
ergistic interaction of P. fumosoroseus and A. asychis
for the biological control of D. noxia.

Key Words: Paecilomyces fumosoroseus; Diuraphis
noxia; Aphelinus asychis; Russian wheat aphid; micro-
bial control; interaction.

Competition between microorganisms and multicel-
lular animals for nutrition and other requisites is per-
vasive throughout nature (Hochberg and Lawton,
1990). Despite the competition, there is evidence for
mechanisms that reduce antagonistic interaction be-
tween natural enemies vying for common insect hosts
(Hochberg and Lawton, 1990; Brooks, 1993). Several
studies on fungal pathogens and parasitoids of ho-
mopterous insects have revealed the avoidance of fun-
gal-infected hosts by ovipositing wasps and a degree of
host immunity to fungal infection induced by parasi-
toid larvae within the host (Milner et al., 1984; Powell
et al., 1986; Brobyn et al., 1988; Poprawski et al., 1992;

ransen and van Lenteren, 1994).
Aphelinus asychis Walker (Hymenoptera: Aphelini-

ae) is a common parasitoid of the Russian wheat
phid Diuraphis noxia (Mordvilko) (Homoptera: Aphi-
idae) and other aphids. In addition to ovipositing into
phids, A. asychis females immobilize aphids by sting-
ng and subsequently feed upon their hemolymph and
1049-9644/01
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other tissues for longevity and production of eggs (Bai
and Mackauer, 1990b). The proportion of aphids killed
by host feeding at times exceeds that due to parasit-
ization (Mesquita et al., 1997). Poprawski et al. (1992)
reported protection of D. noxia from infection by the
entomophthoralean fungus Zoophthora radicans
(Brefeld) Batko after parasitization by A. asychis. The
fungus, Paecilomyces fumosoroseus Brown and Smith
(Deuteromycotina: Hyphomycetes), has been reported
from whiteflies and over 40 other insects, but is not
commonly reported from aphids (Samson, 1974; Smith,
1993; Lacey et al., 1996). Laboratory and field studies
revealed its potential for control of D. noxia in combi-
nation with A. asychis (Mesquita et al., 1996, 1997).
However, under conditions of high humidity, P. fu-
mosoroseus can have direct negative impact on A. asy-
chis (Lacey et al., 1997).

The objective of this study was to determine if the
same antiantagonistic mechanisms reported for hyme-
nopterous parasitoids and fungal pathogens of a com-
mon host would also occur with a fungal pathogen and
parasitoid that are not commonly found in nature as-
sociated with the same host. Specifically, we present
information on the influence that the stage of infection
of D. noxia by P. fumosoroseus can have on oviposition,
feeding behavior, development time, percentage of
emergence, sex ratio, longevity, and size of female A.
asychis. We also investigated the effect of prior para-
sitization by the wasp on the ability of the fungus to
produce subsequent infection and interfere with para-
sitoid development within host aphids.

MATERIALS AND METHODS

Fungus. The strain of P. fumosoroseus (ARSEF
3877) used for bioassays was isolated from Bemisia
tabaci (Gennadius) in Multan, Pakistan (Lacey et al.,
993). After passage of the fungus through D. noxia, it

was grown on Sabouraud maltose-dextrose agar with
yeast extract (SMDAY) and subsequently prepared for
bioassay using the procedures described by Mesquita et

l. (1996). The average viability of conidia used in the
arious tests was 94.7% as determined on SMDAY
sing standard techniques (Goettel and Inglis, 1997).
his involved inoculating a 9-cm petri plate containing
MDAY medium with 100 ml of a suspension contain-

ing 106 conidia/ml and counting the number of germi-
nated conidia/100 conidia in four separate areas on the
plate after incubation at 24°C for 18–20 h. This process
was performed for each separate batch of P. fumosoro-
seus. Applications of P. fumosoroseus were made with 2
ml aqueous suspensions of 12- to 14-day-old conidia
(1.4 3 108 conidia/ml) as described by Mesquita et al.
1996) using a Potter spray tower (Potter, 1952). The
oncentration of conidial suspensions corresponds to
n application of 5.2 3 104 conidia/cm2 and is equal to
two times the LD95 of P. fumosoroseus for third instar
D. noxia.

Insects. Colonies of A. asychis and D. noxia derived
from collections in the vicinity of Montpellier, France,
were used for all tests. Detailed procedures for their
production in the laboratory were as described by Mes-
quita et al. (1996, 1997). Briefly, this involved rearing
D. noxia on barley plants (Hordeum vulgare L.) in
ventilated plastic cages in incubators at 22–24°C, 55–
65% relative humidity (RH), and photoperiod of 16:8
(L:D) until they matured to third instars and then
exposing them to mated A. asychis females. Four- to
5-day-old A. asychis females were used for all experi-
ments except those to determine longevity.

P. fumosoroseus on development, longevity, and fe-
cundity of A. asychis when the host was first exposed to
the parasitoid and then treated with the fungus. Four
replicate tests were conducted on separate dates, each
using five groups of 30 third instar aphids. Each group
of aphids was placed on three barley leaves (5 cm long)
the bases of which were inserted in pieces of moist
cotton and exposed to two 4- to 5-day-old female A.
asychis for 24 h. The exposure took place in a rectan-
gular plastic box (9 3 6 3 2 cm) with a 2.5-cm-diameter
hole in the lid covered with screen (0.1 mm mesh) for
ventilation. After 24 h, the parasitoids were removed
and the leaves bearing live aphids were transferred to
petri dishes that had each been lined with a 9-cm-
diameter filter paper. Parafilm (5 3 2.5 cm) prevented
contact between the moist cotton and the filter paper.
The petri dish covers were also ventilated with a
screened hole. For each replicate test, one group of
parasitized aphids (23–24 individuals) was sprayed
with 2 3 LD95 P. fumosoroseus either 24, 48, 72, or 96 h
after exposure to the parasitoids. The fifth group of
parasitized aphids was treated with distilled water
only. Additionally, four replicate dishes with 30 aphids
each that were not exposed to parasitoids were sprayed
with fungus only, and an equal number of dishes were
treated with distilled water only. In the two latter
cases, the insects from each repetition were sprayed
over 4 consecutive days, coinciding with the treatment
of aphids that had been parasitized and subsequently
treated with the fungus. During the first 24 h following
fungal treatment, the petri dishes were hermetically
sealed with parafilm to maintain saturated humidity
and enable germination. The covers were then replaced
by others with mesh-covered apertures as described
above to allow aeration and prevent condensation. The
barley leaves were replaced with fresh ones every 3
days. Dead aphids were recorded daily for 1 week and
were placed on water agar (3 g of agar/liter of water) to
confirm infection by P. fumosoroseus. Mummies were
placed individually into gelatin capsules and observed
for 12 days or until the emergence of adult parasitoids.

To determine the effect of the fungus on longevity
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53INTERACTION OF Paecilomyces AND Aphelinus
and fecundity of the F1 generation of A. asychis, 20
females that emerged from aphids treated with the
fungus 24 h after exposure to A. asychis were raised
ndividually on barley plants (10–12 leaves, 10–15 cm
ong) infested with aphids. A cylindrical plastic cage
25 cm long 3 3.8 cm in diam), with five screened
entilation windows (1.5 cm diam) were used to isolate
he plants and insects. To study longevity, the females
ere counted daily and every 3 to 4 days the survivors
ere transferred to different cages onto aphid-infested
lants. Mummies were counted 15 days after transfer
f the females. The trial was conducted at a tempera-
ure of 22–24°C, 70 to 80% RH and 16-h photoperiod.

P. fumosoroseus on oviposition, feeding, and the de-
elopment of A. asychis when the host was first treated
ith the fungus and then exposed to the parasitoid.
ifteen replicate tests were conducted, each using 240
hird instar D. noxia, distributed equally into eight
etri dishes on three barley leaves/dish. Six dishes
ere treated with 2 3 LD95 of P. fumosoroseus. The

aphids in each of four dishes were then exposed to a 4-
to 5-day-old female A. asychis at different time inter-
vals following application of the fungus. The following
combinations of treatments were tested: exposure to
the parasitoid 0, 24, 48, or 72 h after application of the
fungus, exposure of parasitoids to aphids killed by fun-
gal infection (maximum 24 h after death), and expo-
sure to aphids sprayed with water only. Also, for each
repetition of treatment with the fungus and parasitoid,
30 aphids were treated with the fungus only and an
equal number were treated with water only.

As described in the previous experiment, during the
first 24 h following treatments, the petri dishes were
hermetically sealed. Then the cover was replaced with
one having a screened opening. The petri dishes were
placed into a plastic container (35 3 25 3 13 cm) at
2–87% RH, 22–24°C, and 16-h photoperiod. This hu-
idity was obtained using a solution of 160 g potas-

ium chloride per 400 ml of distilled water. The petri
ishes were set on a plastic support 3.5 cm high which
ept them above the solution.
One hour before exposure to aphids, female A. asy-

his were individually isolated into gelatin capsules,
ithout food, to stimulate predation and oviposition
hen subsequently exposed to the aphids. The expo-

ure time of the aphids to the parasitoid was 1 h,
eginning with the first probing of aphids. The aphids
ere exposed on a barley leaf (5 cm long) placed at the

enter of a rectangular plastic box (9 3 6 3 2 cm).
welve aphids were initially exposed to a female for
ach treatment. The number of aphids probed, the
uration of probing, the type of probing (oviposition or
eeding), and the time spent feeding were recorded for
ach female for each treatment. Parasitized aphids or
phids killed by predation were removed after the fe-
ale parasitoid moved on to another aphid. The para-
itized aphids were placed on barley leaves and then
et into petri dishes as previously described. When five
phids remained in the exposure chamber, seven new
phids from the same treated lot were added. The
xposures of the aphids to the parasitoids occurred
etween 0800 and 1700 h at 25°C under ambient room
ight.

The aphids in which apparent egg deposition took
lace were observed daily until death or mummifica-
ion. The surviving aphids were transferred onto
ew leaves every 72 h whereas the dead ones were
laced onto water agar to confirm infection. The total
umber of mummies produced per female was re-
orded for each treatment for a total of 15 females/
reatment. The mummies were individually placed
nto gelatin capsules and observed daily for 12 days
r until emergence of adults. The time from oviposi-
ion to mummification, from mummification to emer-
ence, percentage emergence, sex ratio, and longev-
ty of the emerged females were recorded. Morpho-

etric measurements were also made on the lengths
f the tibia of the metathoracic leg and the anterior
ostal wing vein of emerging wasps to determine if
tress due to fungal invasion of the host during de-
elopment of parasitoid larvae resulted in stunting
n size. For comparative purposes, measurements
ere also made on wasps that developed in hosts

hat were not treated with fungus.
To determine longevity of emerging A. asychis, the

emales were fed only honey (60%) and kept in 3.5-cm
etri dishes (22–24°C, 82–87% RH, 16-h photoperiod),
he covers having a 1-cm-diameter screened ventila-
ion opening through which the honey was adminis-
ered. To measure the tibia and costal vein, the females
ere placed into a solution of 10% potassium hydroxide

or 24 h and then mounted on a slide in Hoyer’s me-
ium. The measurements were taken using an ocular
icrometer mounted on an Olympus microscope at

003 magnification.
Statistical analyses of the data. Analyses of vari-

nce (ANOVA) were used to test the effect of treat-
ents on the number of mummies produced, the
umber of days from oviposition to emergence of the
arasitoid, and percentage emergence of the F1 gen-
ration of A. asychis when the aphids were first
xposed to the parasitoid then treated with the fun-
us. Percentage data were arcsine square-root trans-
ormed. The averages of the three variables were
ompared using Tukey’s test at the 0.05 level. The
omparison of longevity and the number of mummies
roduced per female/day from individuals that had
merged from fungus-treated aphids 24 h after ex-
osure to the parasitoid and individuals that had
merged from untreated aphids was performed with
he t test.

ANOVA were also used to test the effect of time
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54 MESQUITA AND LACEY
interval between application of P. fumosoroseus and
parasitism by A. asychis on the number of aphids re-
eiving ovipositional probing, the number of mummies
roduced, the number of aphids consumed per female
uring the course of 1-h exposure, when the aphids
ere first treated with the fungus and then exposed to

he parasitoid. The three variables were transformed
y =x 1 0.5. The duration of ovipositor insertion for
gg deposition and feeding, the duration of the pre-
maginal stages, the percentage emergence of the para-
itoid, the proportion of females emerged, the longev-
ty, and the size of the A. asychis females emerged were

all analyzed using ANOVA. The proportions were arc-
sine square-root transformed. A multivariate analysis
of variance (MANOVA) was performed to test the effect
of the stage of infection by P. fumosoroseus on the
frequency of aphids being probed as a function of the
duration of ovipositor insertion by A. asychis, after
arcsine square-root transformation of the data. The
averages of all these variables were compared using
Tukey’s test at the 0.05 level. All statistical analyses
were performed with the logical Statistical Analysis
System (SAS, 1989).

RESULTS

Cumulative mortality of third-instar D. noxia
treated with 2 3 LD95 (5.2 3 104conidia/cm2) of P.
fumosoroseus and not exposed to the parasitoid in-
creased progressively from the second day after treat-
ment and averaged 96.5% six days after treatment over
the course of our studies. Control insects that had been
treated with water and not exposed to the parasitoid
averaged 11.0% mortality. After incubation on water
agar, 96.7% of dead fungus-treated aphids showed
signs of infection with P. fumosoroseus.

TAB

The Effect of Parasitism of Diuraphis noxia by Aphelinus a
seus (Pfr) (5.2 3 104 Conidia/cm2) on the Number of Mummies
f Parasitoid Emergence

Treatments

No. aphids exposed
to two A. asychis

females/24 h
(mean of four

replicate tests)

No. aphids treated
with fungus after

exposure to A. asychis
(mean 6 SE)a

Aa alone 30 —
a 1 PFr (24 h) 30 23.5 6 1.3
a 1 Pfr (48 h) 30 24.0 6 0.4
a 1 Pfr (72 h) 30 23.5 6 0.6
a 1 Pfr (96 h) 30 22.5 6 0.6

a Means followed by the same letter in the same column are not s
or mean separation.
P. fumosoroseus on the Development, Longevity, and
Fecundity of A. asychis When the Host Was First
Exposed to the Parasitoid and Then Treated with
the Fungus

The number of mummies produced by two female A.
asychis during 24 h of exposure varied from 20.3 6 1.9
o 23.0 6 0.7 and was not significantly different when
he aphids were first exposed to the parasitoids and
hen treated with water or with P. fumosoroseus 24, 48,
2, or 96 h after exposure (Table 1). No difference in
ime between oviposition and emergence of the F1 gen-
ration of the parasitoid for groups treated with the
ungus and the untreated groups was noted. However,
he percentage of emergence of the F1 generation of A.
sychis was significantly lower among the aphids ex-
osed to the parasitoid and treated with the fungus
4 h afterward than for the untreated aphids (F 5
.97; df 5 4, 15; P 5 0.028). The female A. asychis

emerging from aphids treated 24 h after exposure to
the parasitoid had a longevity of 14.6 6 1.8 days and a
reproductive capacity of 8.6 6 0.5 mummies/day and
did not differ from the females that emerged from
nontreated aphids (Table 2).

P. fumosoroseus on Oviposition, Feeding Behavior,
and Development of A. asychis When the Host Was
First Treated with the Fungus and Then Exposed
to the Parasitoid

Number of aphids probed, duration of ovipositor in-
sertion, and number of mummies produced. The num-
ber of aphids probed per female over the course of 1 h
of exposure was not significantly different when the
aphids were first treated with P. fumosoroseus and
then exposed to the parasitoid 0, 24, 48, or 72 h after
application of the fungus, or when the aphids had been
killed by fungal infection (Table 3).

The time interval between application of P. fu-

1

his (Aa) Followed by Treatment with Paecilomyces fumosoro-
oduced, Duration of Parasitoid Development, and Percentage

No. mummies produced
by two A. asychis
females in 24 h
(mean 6 SE)a

Days from
oviposition until

parasitoid
emergence

(mean 6 SE)a

Emergence of F1
generation of
A. asychis (%)
(mean 6 SE)a

23.0 6 1.5a 11.5 6 0.1a 92.6 6 0.1a
20.3 6 1.9a 11.8 6 0.1a 71.1 6 0.1b
22.3 6 0.5a 11.6 6 0.1a 90.9 6 0.1a,b
23.0 6 0.7a 11.7 6 0.1a 89.2 6 0.1a,b
21.5 6 1.0a 11.3 6 0.1a 81.2 6 0.1a,b

ificantly different at the 0.05 level as determined with Tukey’s test
LE
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55INTERACTION OF Paecilomyces AND Aphelinus
mosoroseus to D. noxia and exposure to A. asychis had
a significant effect on the duration of ovipositional
probing (F 5 25.71; df 5 5, 84; P 5 0.0001). The

uration of the probing of aphids exposed only to the
arasitoid (2.2 6 0.2 min) was not significantly differ-
nt from that of the aphids exposed 0, 24, or 48 h after
reatment with the fungus. However, 72 h after fungal
pplication, the time during which the ovipositor was
nserted in the host was significantly shorter. The du-
ation of probing dead aphids was 0.4 6 0.05 min and
as significantly shorter than all other treatments (Ta-
le 3).
For the same duration of ovipositional probing, the

ercentage of aphids probed by A. asychis varied sig-
ificantly depending on the treatment (MANOVA;
ilk’s l 5 0.19; F 5 12, 2; P 5 0.0001) (Table 4).
phids exposed to the parasitoid 72 h after application
f the fungus and insects that died from fungal infec-
ion received a greater proportion of probings lasting
ess than 1 min than all the other treatments, 36.6 6
.7 and 90.6 6 3.0%, respectively. On the other hand,
he dead insects showed the lower percentage (9.4 6
.0%) of aphids probed with durations being between 1
nd 3 min.
The number of mummies produced by females dur-

ng 1 h of exposure varied significantly as a function of
he time interval between application of the fungus
nd exposure to the parasitoid (F 5 31.69; df 5 5, 84;
5 0.0001) (Table 3). Twenty-four hours after fungal

pplication, the number of aphids successfully parasit-
zed per female (2.5 6 0.5) was significantly lower than
hat from aphids exposed only to the parasitoid (5.4 6
.5). Forty-eight hours between application of the fun-
us and exposure to parasitoids, the number of mum-
ies produced decreased and approached zero at 72 h.
Number of aphids consumed by predation, duration

f nutritional stings, and feeding time. During 1 h
xposure, A. asychis females killed an average of 1.1 6
.09 aphids by host feeding when the aphids were

TABLE 2

Comparative Longevity and Fecundity of Aphelinus asy-
his Females That Emerged from Diuraphis noxia Treated-
ith Paecilomyces fumosoroseus (5.2 3 104 Conidia/cm2)24 h
fter Exposure to the Parasitoid with Those Emerging from
ntreated Aphids

Treatments
Longevity (days)

(mean 6 SE)a
Mummies produced

(mean 6 SE)a

Females emerging from
fungus-treated aphids 14.6 6 1.8a 8.6 6 0.5a

emales emerging from
nontreated aphids 14.0 6 1.3a 7.4 6 0.1a

a Means followed by the same letter in the same column are not
ignificantly different at the 0.05 level as determined with Student’s
test.
xposed only to the parasitoid (Table 5). Host feeding
id not vary significantly in relation to the aphids
xposed to the parasitoid 0, 24, 48, or 72 h after appli-
ation of the fungus. However, for aphids killed by the
ungus, the number of aphids used for feeding was
ignificantly lower (0.3 6 0.1) compared to other treat-
ents (F 5 11.64; df 5 5, 84; P 5 0.0001). The

uration of nutritional stings and the time spent feed-
ng by the parasitoid were not significantly different
mong the treatments. When the aphids were exposed
o the parasitoid only, the duration of nutritional
tings and feeding time were 6.7 6 0.4 and 17.1 6 1.8
in, respectively.
Preimaginal development, percentage of emergence,

ex ratio, longevity, and size of emerging females. The
umber of days from oviposition to mummification and
rom mummification to emergence of the F1 generation
f the parasitoid did not vary significantly among the
reatments and was 6 and 7 days, respectively (Table
). No significant effect due to the interval of time
etween application of P. fumosoroseus and exposure of
he aphids to the parasitoid was noted on the percent-
ge of emergence of the F1 generation nor on the pro-
ortion of females emerged (Table 6). Longevity of the
emales that emerged from aphids parasitized 0, 24, or
8 h after application of the fungus and fed only with
oney varied from 8.2 to 10.8 days and was not signif-

cantly different from those females that emerged from
phids not exposed to the fungus. The length of the
etathoracic tibia and the length of the costal nerve of

he anterior wing of these females did not show signif-
cant variation among the treatments, indicating that
emales emerging from fungus-treated aphids were the
ame size as those from untreated hosts (Table 7).

TABLE 3

The Effect of Treatment of Diuraphis noxia with Paecilo-
yces fumosoroseus (Pfr) (5.2 3 104 conidia/cm2) and Expo-

sure to Aphelinus asychis (Aa) 0–96 h afterward on the
Number and Duration of Ovipositional Probings and the
Number of Mummies Produced per A. asychis

Treatments

No. aphids
probed/female/h
(mean 6 SE)a

Duration of
probing (min)
(mean 6 SE)a

No. mummies
produced/female/h

(mean 6 SE)a

Aa alone 6.7 6 0.5a 2.2 6 0.2a 5.4 6 0.5a
fr 1 Aa (0 h) 7.3 6 0.6a 2.1 6 0.1a 4.1 6 0.6ab
fr 1 Aa (24 h) 6.9 6 0.6a 2.2 6 0.1a 2.5 6 0.5b
fr 1 Aa (48 h) 7.5 6 0.7a 2.2 6 0.2a 0.8 6 0.2c
fr 1 Aa (72 h) 7.9 6 1.3a 1.6 6 0.2b 0.2 6 0.1c
ungus-killed
aphid 1 Aa 9.8 6 1.0a 0.4 6 0.1c 0.0 6 0.0c

a Means followed by the same letter in the same column are not
ignificantly different at the 0.05 level as determined with Tukey’s
est for mean separation.
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DISCUSSION

The high cumulative mortality of D. noxia 6 days
after application of P. fumosoroseus confirms the re-
sults previously presented by Mesquita et al. (1996)
and Vandenberg (1996) on the virulence and pathoge-
nicity of this fungus for D. noxia. The absence of a
significant difference between the number of untreated
D. noxia probed by A. asychis and aphids that had been
pretreated with P. fumosoroseus and then exposed to
the parasitoid indicates that the parasitoids still re-
quire probing with their ovipositors to determine host
suitability, in addition to using other host cues (Ger-
ling et al., 1990). The significantly shorter duration of

robing of insects that had been exposed to the para-
itoid 72 h after application of the fungus and of fun-
us-killed aphids probably indicates strong internal
ues and subsequent rejection of most of these insects
or oviposition or feeding. According to Boyle and Bar-
ows (1978) and Bai and Mackauer (1990a), parasi-
oids probe all potential host aphids using their ovipos-
tor and the final acceptance or rejection of a host is
etermined by internal stimuli. Prolonged insertions of
he ovipositor into the host (.1 min, not counting nu-

tritional stings) are correlated with acceptance of the
host for oviposition, and short probings (,1 min) indi-
ate general rejection of the host. We did not dissect
robed insects to confirm the presence of eggs. How-
ver, the highest percentage of aphids receiving short
uration probing (,1 min) and the lower percentage of
nsects probed for a duration of 1 to 3 min indicate that
nsects exposed to the parasitoid 72 h or longer after
pplication of the fungus probably received a lower
umber of eggs than aphids from other treatment
roups. These data also correlate well with the lower
umber of mummies produced. The steady decline in
umbers of mummies from the fungus-treated aphids

s distinctly related to the time interval between fungal

TAB

Mean Percentages of Diuraphis noxia Receiving Oviposit
asychis (Aa) as a Function of the Interval Following Treatme
and Then Exposure to the Parasitoid

Treatments

Percentage of parasitoids and du

,1 min
(mean % 6 SE)b (m

Aa alone 4.0 6 2.3a 8
fr 1 Aa (0 h) 5.4 6 1.9a 8
fr 1 Aa (24 h) 6.2 6 2.3a 7
fr 1 Aa (48 h) 12.5 6 4.2a 7
fr 1 Aa (72 h) 36.6 6 7.7b 5
ungus-killed aphid 1 Aa 90.6 6 3.0c

a Nutritional stings were not counted.
b Means followed by the same letter in the same column are not s

for mean separation.
reatment and subsequent exposure to parasitoids. It
ay also indicate a lack of survival of parasitoid larvae

n infected hosts in addition to decreased oviposition in
he 72 h and fungus-killed groups.

Parasitoid rejection of diseased hosts has already
een demonstrated by other authors. Landa (1984) and
ransen and van Lenteren (1993) demonstrated that
he parasitoid Encarsia formosa Gahan laid fewer eggs
n the greenhouse whitefly, Trialeurodes vaporariorum
Westwood), infected by the fungus Aschersonia aley-
odis Webber than in uninfected hosts. Brobyn et al.
1988) found that the frequency with which Aphidius
hopalosiphi de Stefani Perez deposited eggs in the
phid Metopolophium dirhodum (Walker) infected
ith Pandora (Erynia) neoaphidis (Brefeld) Batko di-

4

al Probings of Various Durations by 15 Female Aphelinus
with Paecilomyces fumosoroseus (Pfr)(5.2 3 104 Conidia/cm2)

ion of probing as a function of treatmenta

Total number of
aphids probed/15

females/h
–3 min

% 6 SE)b
.3 min

(mean % 6 SE)b

6 4.4a 13.8 6 4.7ab 100
6 3.9a 11.3 6 3.5ab 109
6 5.4ab 15.7 6 2.9a 104
6 5.4ab 15.4 6 5.2a 112
6 7.4b 6.1 6 3.0ab 119
6 3.0c 0.0 6 0.0b 147

ificantly different at the 0.05 level as determined with Tukey’s test

TABLE 5

Mean Number of Diuraphis noxia Consumed per Female
phelinus asychis (Aa) during 1 h of Exposure, Duration of
utritional Sting, and Time Spent Feeding on Untreated
phids and Those That Had Been Treated Immediately after
arasitization or 24–96 h Earlier with Paecilomyces fu-
osoroseus (Pfr) (5.2 3 104 Conidia/cm2)

Treatments

No. aphids
consumed/female/h

(mean 6 SE)a

Duration of
nutritional
sting (min)

(mean 6 SE)a

Time spent
feeding (min)
(mean 6 SE)a

Aa alone 1.1 6 0.1a 6.7 6 0.4a 17.1 6 1.8a
fr 1 Aa (0 h) 1.1 6 0.1a 7.6 6 0.4a 19.4 6 2.7a
fr 1 Aa (24 h) 0.9 6 0.1a 8.4 6 0.4a 18.6 6 2.4a
fr 1 Aa (48 h) 1.1 6 0.1a 8.4 6 0.4a 15.8 6 1.9a
fr 1 Aa (72 h) 1.1 6 0.2a 8.3 6 0.6a 17.4 6 3.3a
ungus-killed
aphid 1 Aa 0.3 6 0.1b 7.6 6 0.8a 19.5 6 6.1a

a Means followed by the same letter in the same column are not
ignificantly different at the 0.05 level as determined with Tukey’s
est for mean separation.
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57INTERACTION OF Paecilomyces AND Aphelinus
minished when aphids were infected 3 days before
exposure to the parasitoid. Conversely to A. asychis, A.
rhopalosiphi did not attempt to oviposit in fungus-
killed aphids. The presence of hyphal bodies or fungal
metabolites in the hemolymph of the host, detected by
the parasitoid at the time of insertion of the ovipositor,
is ostensibly the cause of rejection of these insects for
oviposition. The difference between the number of
mummies produced per A. asychis female in our stud-
ies, as a function of the time interval between applica-
tion of the fungus and exposure to the parasitoid, dem-
onstrates the importance of fungal development be-
tween initial treatment and oviposition on the success
of parasitism of infected insects.

The elevated level of mummification observed with
aphids initially exposed to the parasitoid and then
treated with the fungus shows that A. asychis escaped
the lethal action of the fungus, especially if the para-
sitoid had 48 h or more to develop before exposure to
the fungus. There is evidence reported by other re-
searchers that the presence of a fungistatic substance
secreted by the parasitoid into the hemolymph of the
host impedes the development of mycosis and enables

TAB

Number of Mummies Produced by 15 Aphelinus asychis (Aa
and Those That Had Been Treated Simultaneously or Earlie

Treatments

No. mummies
produced/15 females/h

(total)

Days from
until p

emergen

Aa alone 81 1
Pfr 1 Aa (0 h) 62 1

fr 1 Aa (24 h) 38 1
fr 1 Aa (48 h) 12 1

a Means followed by the same letter in the same column are not s
or mean separation.

TABLE 7

Longevity and Length of Metathoracic Tibia and Anterior
ing Vein of Female Aphelinus asychis (Aa) That Emerged

rom Untreated Diuraphis noxia and Those That Had Been
reated Immediately after Parasitization or 24–48 h Earlier
ith Paecilomyces fumosoroseus (Pfr)(5.2 3 104 Conidia/cm2)

Treatments N

Longevity
(days)

(mean 6 SE)a

Tibial
length (mm)

(mean 6 SE)a

Anterior
wing vein

length (mm)
(mean 6 SE)a

Aa alone 26 9.7 6 0.8a 0.359 6 0.003a 0.448 6 0.006a
fr 1 Aa (0 h) 23 10.8 6 0.9a 0.369 6 0.004a 0.445 6 0.007a
fr 1 Aa (24 h) 18 8.5 6 0.7a 0.363 6 0.005a 0.468 6 0.006a
fr 1 Aa (48 h) 6 8.2 6 3.5a 0.371 6 0.010a 0.465 6 0.017a

a Means followed by the same letter in the same column are not
ignificantly different at the 0.05 level as determined with Tukey’s
est for mean separation.
normal parasitoid development and emergence (El-
Sufty and Führer, 1981b; Willers et al., 1982; El-Sufty
nd Führer, 1985). However, in some cases, prior ovi-
osition by a parasitoid can predispose the host to
ungal infection by reducing the resistance of the cuti-
le to penetration of the fungus (Führer and El-Sufty,
979; El-Sufty and Führer, 1981a).
The inhibitory effect of parasitoids on the develop-
ent of mycosis in parasitized hosts is normally linked

o the interval of time between parasitism and contam-
nation of the host by the fungus (King and Bell, 1978;
owell et al., 1986). However, there are cases where
imultaneous exposure to parasitoids and fungus re-
ulted in emergence of adults of the F1 generation
Milner et al., 1984). In our study, treating aphids with
ungus 1 day before exposure to A. asychis was suffi-
ient to result in significant decrease in mummy pro-
uction compared to the aphids that were only exposed
o parasitoids. Conversely, a 2-day advance for para-
itization by A. asychis prior to fungal treatment was
ufficient for no harmful effects of the fungus on para-
itoid larvae to occur. According to Brooks (1993), the
remature death of the host is the more frequent con-
equence of host-parasitoid-pathogen interaction. Sev-
ral examples are known where premature death of the
nfected host has also caused death of the parasitoid
Bilioti, 1955; Laigo and Paschke, 1968; Thomas and

atson, 1986). Histological observations of parasitized
phids that were infected by P. neoaphidis showed that

invasion by the fungus was limited to host tissues
(Powell et al., 1986). The only evidence of invasion of
parasitoid larval tissue was observed by Keller (1975)
in 2 out of 26 aphids that were analyzed. However, it
was not possible to determine if the fungus had killed
the parasitoid directly or if it was colonized after death.

Although feeding by A. asychis on the host did not vary
ith the stage of infection of living aphids, the parasi-

oids fed on a significantly smaller number of dead aphids
han living aphids, infected or not. On the other hand,
hen the parasitoid fed on dead insects, the sting which
receded feeding as well as the duration of feeding time,
as similar to that on living aphids. The possibility of

6

emales during 1 h of Exposure to Untreated Diuraphis noxia
ith Paecilomycesfumosoroseus (Pfr) (5.2 3 104 Conidia/cm2)

iposition
sitoid
(mean)

Emergence of F1
generation (%)
(mean 6 SE)a

Percentage of females
in F1 generation

(mean 6 SE)a

91.2 6 3.4a 83.3 6 4.1a
72.0 6 9.2a 84.4 6 5.2a
70.3 6 8.4a 89.5 6 5.0a
69.0 6 5.6a 91.6 6 8.3a

ificantly different at the 0.05 level as determined with Tukey’s test
LE
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58 MESQUITA AND LACEY
negative effects of feeding on infected hosts for survival of
the female parasitoids was not studied. The rejection of
dead aphids for feeding purposes did not occur until after
insertion of the ovipositor.

The increased frequency of probing of fungal-infected
or killed aphids could increase the chances for horizontal
dissemination of P. fumosoroseus by A. asychis when
onditions are optimal for the fungus. Such dissemina-
ion was observed for another homopteran, T. vaporari-
rum, infected with A. aleyrodes. Fransen and van Len-
eren (1994) observed transmission of A. aleyrodes by E.

formosa after probing infected whiteflies.
Various aspects of A. asychis biology were unaffected in

he F1 generation that emerged from D. noxia treated
ith P. fumosoroseus regardless of the timing of fungal

reatment. These included A. asychis preimaginal devel-
pment time, sex ratio, longevity, fecundity, and size of
1 females. Generally, secondary effects of entomopatho-
enic fungi on endoparasitic insects are little known
Flexner et al., 1986; Goettel et al., 1990). According to El

aghraby et al. (1988) the larval stage of Microplitis
ufiventris Kok. was prolonged when the parasitoid de-
eloped in larvae of Spodoptera littoralis (Boisduval) in-
ected by Beauveria bassiana (Bals.) Vuill. or treated
ith Bacillus thuringiensis Berliner. Milner et al. (1984)

howed that adult Trioxys complanatus Quilis emerged
ormally from aphids infected by Z. radicans without
eduction in size. The effect of fungal infection of the host
nsect on the fecundity of emerging parasitoids has not
een well studied. Females of E. formosa that emerged
rom T. vaporariorum infected by A. aleyrodis demon-

strated parasitoid behavior similar to that shown by fe-
males that emerged from noninfected whiteflies (Fransen
and van Lenteren, 1994). According to Bethke and Par-
rella (1989), the presence of Aphis gossypii Glover in-
fected by Verticillium lecanii (Zimm.) did not affect the
period of preoviposition, fecundity, or the longevity of
parents or progeny of the parasitoid Digyphus beginii
Ashmead.

A high proportion of male offspring in many parasitic
Hymenoptera may indicate virginity or sperm deple-
tion in parental (P1) females or manipulated sex ratio
(i.e., deposition of unfertilized eggs to produce male
offspring) (Godfray, 1994). Manipulated sex ratio may
be in response to host size and quality, parasite to host
ratio, or local mate competition (Charnov, 1982; God-
fray, 1994). The strong proportion of F1 females in our
study indicates that P1 females were sufficiently fer-
tilized and that they did not modify the sex ratio of
their descendants as a function of the stage of infection
of D. noxia by P. fumosoroseus.

Various findings of our study demonstrate the po-
tential of synergistic interaction of P. fumosoroseus
and A. asychis for the biological control of D. noxia.
These include the discrimination by A. asychis of D.
noxia infected by P. fumosoroseus reducing the pos-
sibility of eggs being laid into infected aphids, the
protection of hosts that are parasitized by A. asychis
from infection by the fungus, and the absence of
significant negative effects on the F1 generation of
the parasitoid that emerge from fungus-treated
aphids. The possibility of transmission of the fungus
by A. asychis after probing of infected or dead aphids
warrants further study.

For the most part, the interaction between fungal
pathogens of insects and other natural enemies is posi-
tive (Roy and Pell, 2000). Environmental conditions that
favor hymenopteran parasitoids or fungi will influence
the type of interaction and compatibility or antagonism of
these two groups of biological control agents. Elucidation
of the degree of competition or compatibility will require
study under specific field conditions in order to know
what these interactions entail and how to best utilize the
two groups of agents for biological control. Coexistence is
favored by complementarity between parasitoid and
pathogens in terms of extrinsic and intrinsic qualities
(Begon et al., 1999). The key component of complemen-
tarity under the manipulated conditions of our studies is
the ability of A. asychis to protect itself from fungal in-
fection within the host and to avoid, to a certain degree,
unsuitable hosts.
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